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Abstract
We demonstrate that an integrated silicon microring resonator is capable of efficiently producing photon pairs that are
completely unentangled; such pairs are a key component of heralded single photon sources. A dual-channel interferometric
coupling scheme can be used to independently tune the quality factors associated with the pump and signal and idler modes,
yielding a biphoton wavefunction with Schmidt number arbitrarily close to unity. This will permit the generation of heralded
single photon states with unit purity.
I. INTRODUCTION
Single photon sources are essential elements in a
wide array of photonic quantum technologies. An ideal
source would produce single photons deterministically,
and promising strategies exist to achieve this [1]. How-
ever, most require cryogenic cooling, and are not easily
integrated into a compact, CMOS-compatible chip-based
device. A popular alternative approach is to design her-
alded single photon sources [2], in which photons are pro-
duced non-deterministically in pairs. One photon of such
a pair heralds the existence of the other; post-selecting
on detection of the herald photon then yields the desired
counting statistics required from a single photon source.
Since heralded single photon sources can exploit para-
metric fluorescence in passive nonlinear optical media –
either spontaneous four-wave mixing (SFWM) or sponta-
neous parametric down-conversion (SPDC) – they can be
designed to operate at room temperature, and are readily
implemented in integrated devices. Many integrated pho-
ton pair sources for single photon heralding have recently
been demonstrated on the rapidly developing platform of
silicon nanophotonics [3–5].
A number of considerations are important when de-
signing integrated heralded single photon sources: (i)
the generation process should be efficient to permit op-
eration at low pump powers; (ii) the simultaneous gen-
eration of multiple photon pairs must be suppressed to
avoid heralding multi-photon states; (iii) vacuum ampli-
tude must be avoided in the heralded state, ensuring a
high heralding efficiency; (iv) the photons in each pair
must be unentangled to yield heralded single photons in
pure states, a property necessary to ensure high-visibility
quantum interference [6, 7]. The first of these can be ac-
complished by using an optical microring resonator as
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the nonlinear medium, leading to dramatic enhancement
in the generation efficiency of nonlinear processes [8, 9].
The second is achieved by pumping at an appropriately
low power level to ensure the generation of only indi-
vidual pairs. Appropriate mitigation of scattering losses
through over-coupling the microresonator system can sat-
isfy the third requirement [4, 10].
Meeting the fourth requirement is a more subtle task.
Path- and polarization-entanglement are naturally sup-
pressed in integrated devices designed for single mode
operation, but time-energy entanglement in photon pairs
produced by parametric fluorescence is difficult to fully
eliminate without compromising other aspects of the de-
vice. While spectral filtering of the generated photon
pairs is often used, it necessarily reduces the number
of photon pairs available, and degrades the symmetric
heralding efficiency of the source [6, 11]. Moreover, any
additional optical element is a source of losses that can
degrade the single-sided heralding efficiency of the device.
A method for efficient and direct generation of truly un-
entangled pairs in an integrated device is the subject of
this Letter. By leveraging recent advances in the design
and fabrication of interferometric coupling schemes for
SFWM in integrated silicon microring resonators [12, 13],
we demonstrate a way to engineer fully separable bipho-
ton wavefunctions using a device that is compatible with
existing fabrication technology.
II. ORIGIN AND IMPACT OF ENTANGLE-
MENT
Microresonator-based photon pair sources driven by a
pulsed pump prepare a quantum state of the form [14]
|ψ〉 = c0|vac〉+β|II〉+..., wherein c0 is the vacuum ampli-
tude, β the two-photon amplitude (with |β|2 the proba-
bility per pump pulse of generating a pair), and in which
the ellipsis denotes higher-order terms that can safely
be neglected at sufficiently low pump powers. Losses
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may lead to the contribution of single-photon amplitudes
in the quantum state, but we assume these have been
eliminated by suitably over-coupling the ring-channel
system [10]. The two-photon state |II〉 can be rep-
resented as |II〉 = ∫ dωsdωiφ(ωs, ωi)a†S(ωs)a†I(ωi)|vac〉,
where φ(ωs, ωi) is the normalized biphoton wavefunction
(BWF). The frequency variables ωs and ωi are under-
stood to be respective offsets from the signal and idler
reference frequencies ωS and ωI , which correspond to two
appropriately chosen resonances of the microring, and
each integration is taken over a range large enough to
capture the full extent of the corresponding resonance,
but not so large as to overlap with any other resonances.
The creation operators a†S and a
†
I are similarly defined
only over the signal and idler resonance frequency ranges,
respectively.
The detection of a signal photon heralds the existence
of an idler photon, the quantum state of which is in
general an incoherent mixture of single photon ampli-
tudes within the idler resonance. The density matrix of
the heralded idler photon, defined as ρI = TrS{|II〉〈II|},
is given by ρI =
∫
dωdω′qI(ω, ω′)a
†
I(ω)|vac〉〈vac|aI(ω′),
where qI(ω, ω
′) =
∫
dω′′φ(ω′′, ω)φ∗(ω′′, ω′). The purity
γ of ρI , defined by γ = TrI{ρ2I}, is then simply
γ =
∫
dωdω′|qI(ω, ω′)|2. (1)
A pure heralded idler photon (i.e. γ = 1) is produced
when the biphoton wavefunction φ(ωs, ωi) is fully sepa-
rable, i.e., when φ can be expressed as
φ(ωs, ωi) = φS(ωs)φI(ωi) (2)
for some normalized single-variable functions φS and φI .
The question then becomes: whence does the lack of sep-
arability in the biphoton wavefunction arise, and how can
φ be engineered to satisfy (2)?
For a microring resonator-based photon pair source
point-coupled to a channel waveguide, the BWF can be
expressed as
φ(ωs, ωi) ∝ FP (ωs + ωi)lS(ωs)lI(ωi), (3)
[9, 14] (omitting proportionality factors unimportant for
our present discussion), where
FP (ω) =
∫
dωpαP (ωp)αP (ω − ωp)lP (ωp)lP (ω − ωP ),(4)
for SFWM, and a similar expression holds for SPDC [15];
since most demonstrations of photon pair generation in
integrated microrings use χ3 materials, for the remain-
der of this Letter we focus on SFWM. In (3) and (4)
lJ(ωj) = (−iωj + ωJ/(2QJ))−1, so that |lJ(ωj)|2 is a
Lorentzian function describing the resonance line at fre-
quency ωJ with full width at half maximum (FWHM)
ωJ/QJ ; Here QJ is the corresponding loaded quality fac-
tor (which depends on both scattering losses in the ring
and any coupling between the ring and bus waveguides).
The function FP (ω) depends on the pump spectral ampli-
tude αP (ωp), understood to describe a pump pulse with
spectrum centred on ωP so that αP (ωp) is peaked around
ωp = 0. The pump centre frequency ωP is also chosen
to match one of the ring resonances, and is assumed to
satisfy 2ωP = ωS + ωI for SFWM, or ωP = ωS + ωI for
SPDC.
The function FP (ω) can be understood as the coherent
sum of all energy-conserving amplitudes for two pump
photons in the ring to be converted to a signal and idler
photon pair with total energy h¯ωS + h¯ωI + h¯ω. In the
limit of a cw pump FP (ω) is narrowly peaked about
ω = 0, so that |FP (ωs + ωi)|2 has support only along
the line ωs = −ωi, giving rise to a BWF that is highly
anti-correlated in energy [9, 14]. This extreme lack of
separability of the BWF can be mitigated by broadening
FP (ω) by an amount sufficient to make |FP (ωs + ωi)|2
nearly uniform over the domain defined by the Lorentzian
factors in (3). This broadening can be accomplished by
using a sufficiently spectrally broad pump, relaxing the
strict correlation of the generated photon energies to the
central frequency of the pump pulse. By using pump
photons with a large spread in energy, photon pairs can
be generated that are not strictly anti-correlated in their
offsets from their respective resonances.
Broadening the pump pulse spectrum in this manner
to fully excite the pump resonance drastically reduces the
degree of correlation in the BWF. However the filtering
of the pump light as it enters the resonator (represented
by the Lorentzian factors lP (ωP )lP (ω − ωP ) in the inte-
grand of (4)) means that the spectrum of pump photons
available for conversion cannot be arbitrarily increased by
broadening the injected pump, and rather is fundamen-
tally limited by the linewidth of the pump resonance.
Therefore to achieve a truly uncorrelated BWF the
pump resonance linewidth must be significantly broader
than those of the signal and idler; equivalently, the
pump resonance quality factor must be much
smaller than those of the signal and idler reso-
nances. Most examples in the literature of microring-
based SFWM have used devices with nearly equal reso-
nance linewidths for the pump, signal and idler, yield-
ing BWFs that display residual correlations even when
pumped by a pulse with an arbitrarily broad spectrum.
This is illustrated in Fig. 2a, in which the joint spec-
tral intensity (JSI) Φ(ωs, ωi) = |φ(ωs, ωi)|2 for such a
system is displayed alongside the Schmidt number K for
the corresponding BWF that quantifies its lack of separa-
bility [16, 17]; For a microring with equal quality factors,
pumped with a Gaussian pulse, ignoring any dispersion
we find that the lower bound is K = 1.08 (in line with
previous results [5, 14, 18]), significantly higher than the
ideal K = 1 enjoyed by a truly separable state; the corre-
sponding upper bound on the purity of the heralded idler
state is γ = 93%, which in this case can be calculated as
γ = 1/K.
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FIG. 1. (a) Design of a microring device with an interferomet-
ric coupling scheme (MZI1 & MZI2), permitting independent
tuning of the pump, signal, and idler resonances. (b) Ideal-
ized point-coupling model of dual-MZI device, with separate
channels for the pump and signal/idler introduced, each with
independent couplings to the ring.
III. INTERFEROMETRIC COUPLING
To fully eliminate spectral correlations in
microresonator-based photon pair sources, one must
be able to tune the quality factors of the pump and
signal/idler resonances independently. In conventional
devices this is not possible, and usually the resonator-
channel couplings and intraresonator losses do not vary
significantly over the working frequency ranges.
This limitation can be remedied by changing the cou-
pling schemes between the channel and resonator [19].
Recently, Gentry et al. [13] showed that two coupling
points between the bus waveguide and the ring provide
a precise control over the individual quality factors of
the ring resonances, and therefore also over the quantum
properties of the generated light. The presence of two
coupling points establishes a Mach-Zehnder interferom-
eter (MZI); it allows one to control the interference be-
tween the light in the ring and that in the bus waveguide
by using microheaters mounted on the device. Interfer-
ometric coupling of this type overcomes the usual lim-
its on the separability of the biphoton state that plague
microresonator systems lacking independent control over
their different resonances.
Here we consider the system shown in Fig. 1a, which
consists of a ring and two channels, and focus on leverag-
ing its MZI-based coupling scheme to generate spectrally
pure heralded single photons via the strategy discussed
in Sec. 2. By appropriately tuning the MZIs, the system
can be configured such that the top channel only couples
to the pump mode in the resonator, while the bottom
channel only couples to the signal and idler modes. In-
creasing the coupling strength of the top channel then
decreases the quality factor of the pump resonance with-
out significantly affecting the properties of the signal and
idler resonances, allowing pump light with a much larger
bandwidth to couple into the ring.
In Fig. 2 we compare the JSI distributions for a con-
ventional device and one with an interferometric cou-
pling, demonstrating the improvement in separability.
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FIG. 2. (a) JSI for conventional single-channel system with
equal quality factors, exhibiting residual anti-correlations that
leads to a Schmidt number K = 1.09 for the correspond-
ing BWF (giving heralded state purity γ = 0.93). (b) JSI
for system with pump quality factor 6.6 times lower than
the smallest of the signal/idler quality factors; the energy
correlation has been almost completely eliminated, yielding
K = 1.0009 (γ = 0.999). Both JSIs assume a pump pulse
sufficiently broad to excite the entire pump resonance. The
frequency axes – offsets from the reference frequencyes ωJ –
are plotted in units of the respective signal/idler linewidths
∆ωJ = ωJ/QJ .
These distributions – and the corresponding complete
BWFs – were calculated using full numerical simulations
of the asymptotic fields for the devices [20], and are in
agreement with the predictions of the analytic expres-
sion (3), verifying the applicability of an effective point-
coupling model with independently set couplings for the
pump and signal/idler (represented in Fig. 1b) to the
interferometrically coupled device (1a). The phase of the
BWF corresponding to the JSI in Fig. 2(b) was also
found to be uncorrelated, proving the lack of entangle-
ment in the corresponding biphoton state.
To further examine the improvement offered by inter-
ferometric coupling, it is helpful to study the dependence
of the heralded state purity γ (1) as a function of the ra-
tio QSI/QP , where QSI is the minimum of the signal
and idler mode quality factors [21]. This dependence is
illustrated in Fig. 3, showing how the device can be used
to exceed the 93% upper bound on the purity for a con-
ventional system with equal quality factors. The solid
curve corresponds to BWFs calculated using the simpli-
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FIG. 3. Maximum heralded state purity as a function of ratio
QSI/QP , with QSI = min(QS , QI). The solid line is calcu-
lated using an effective point-coupling model for the BWF;
green markers indicate the results of full numerical simula-
tions for the complete device, with the circular marker cor-
responding to the BWF of Fig. 2b. Each point assumes a
pump pulse sufficiently broad to excite the full pump reso-
nance. The dashed line represents the upper bound of 93%
purity for a system with equal quality factor, which is clearly
exceeded with the proposed strategy.
fied model (3) which assumes point-coupling (Fig. 1b),
with the green markers indicating the results of full nu-
merical simulations of the device in Fig. 1a.
It is important to ensure that the proposed strategy
to eliminate time-energy entanglement does not seriously
compromise any features of an ideal heralded single pho-
ton source (see Sec. 1). This can be addressed by
comparing a conventional, single-channel microring sys-
tem with equal quality factors for the three modes, all
strongly over-coupled to ensure high heralding efficiency,
to the new device with independently tunable quality fac-
tors. It is clear that simultaneous generation of multiple
photon pairs is still suppressible in the new device by us-
ing sufficiently low pump powers, and that collection of
both pair photons can still be achieved by over-coupling
the signal/idler channel with respect to scattering losses.
However, one might initially suspect that the generation
efficiency of the new device would be significantly worse
than the conventional device due to the lowering of the
pump quality factor to ensure high purity of the heralded
photon.
In fact the degradation of the generation efficiency
is not expected to be especially serious. A full deriva-
tion [9, 10] shows that the rate of generated photon
pairs available in the signal/idler channel for the ide-
alized device shown in Fig. 1b can be expressed as
Jheralds = 4Λ
2qSqIq
2
P fPE2Pτ2I/(pi3(h¯ωP )2), where Λ is
a constant related to the nonlinear response of the mi-
croring [22], qJ = QJ/Q
ext
J is the ratio for resonance J
between the loaded quality factor QJ , which takes into
account both scattering losses and the resonator-channel
coupling, and the extrinsic quality factor QextJ related
only to the ring-channel coupling, fP is the repetition
rate of the pump laser, EP the pump pulse energy, and τ
the pump pulse duration. The dimensionless factor I is
related to the overlap between the intra-resonator pump
amplitudes and the Lorentzian functions describing the
signal and idler resonances. This overlap improves as
QS,I/QP increases; for a Gaussian pump pulse with du-
ration τ having temporal intensity profile proportional to
e−t
2/τ2 , we have
I = (5)
∫
dusdui
∣∣∣∣ ∫ dup e−(TP up)2/2e−(TSus+TIui−TP up)2/2(−iup+1)(−i(rSus+rIui−up)+1)
∣∣∣∣2
(u2s + 1)(u
2
i + i)
,
where TJ = τ/τ
dwell
J is the pulse duration in units of
the photon dwelling time τdwellJ = 2QJ/ωJ for resonance
J , and rJ = QP /QJ . To fully excite the pump res-
onance we must choose a pulse with sufficiently short
duration that TP = 1, so that Jheralds ∝ q2PQ2PE2P I;
or, in terms of the peak pump power Ppeak ∝ EP /τ ,
Jheralds ∝ q2PQ4PP 2peakI. As the channel-ring coupling
for the pump is increased (so that QP is decreased) and
the pulse duration is lowered to fully excite the pump
resonance and keep TP = 1: (i) qP increases toward
unity; (ii) QP decreases; (iii) I increases asymptotically
to Iasy ≈ 14.3 (from I ≈ 5.0 when all quality factors
are equal). A system with initially equal quality factors,
strongly over-coupled for all resonances, with QP subse-
quently altered to obtain QS,I/QP = 10 requires a peak
power about 61 times larger to maintain the original pair
generation rate. Yet this corresponds to merely a 6.1x in-
crease in pulse energy, since the pulse duration has been
compressed by a factor of 10. Though this discussion of
generation efficiency strictly applies only to an idealized
model of the full device, and neglects the possibility of
photon pair generation in the outer arms of the inter-
ferometric couplers, it serves to demonstrate that only
modest increases in energy requirements are anticipated;
these are not expected to present a challenge in exper-
iments. A study of the generation efficiency in the full
device shown in Fig. 1a is left for future communications.
IV. CONCLUSION
We have shown that photon pairs with fully separable
biphoton wavefunctions can be generated efficiently in
an integrated device using a microring resonator in an
interferometrically-coupled dual channel configuration.
This permits the generation of heralded single photon
states with purity arbitrarily close to 100%, overcoming
the upper bound of 93% for a Gaussian pump pulse in
conventional microresonator systems without the use of
spectral filtering or sophisticated phase matching tech-
niques [23]. The strategy presented does not seriously
compromise the heralding efficiency and generation ef-
ficiency. We expect this to have an impact on the de-
sign and implementation of integrated quantum photonic
technologies that require reliable on-chip sources of indis-
tinguishable single photons.
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